Understanding tissue alterations at an early stage following traumatic brain injury (TBI) is critical for injury management and limiting severe consequences from secondary injury. We investigated the early microstructural and metabolic profiles using in vivo diffusion tensor imaging (DTI) and proton magnetic resonance spectroscopy ( 1 H MRS) at 2 and 4 hours following a controlled cortical impact injury in the rat brain using a 7.0 Tesla animal MRI system and compared to baseline. Significant decrease in mean diffusivity (MD) and increased fractional anisotropy (FA) was found near the impact site (hippocampus and bilateral thalamus; were observed ipsilateral to the injury as early as 2 hours, while glutamine concentration increased marginally (p=0.07). These metabolic alterations remained sustained over four hours after TBI. Significant reductions of Ins (p=0.024), and Tau (p=0.013) and marginal reduction of NAA (p=0.06) were also observed at four hours on the contralateral side following TBI. Overall our findings suggest significant microstructural and metabolic alterations as early as two hours following injury. The tendency towards normalization at four hours from the DTI data and no further metabolic changes at four hours from MRS suggest an optimal temporal window of about 3 hours for interventions that might limit secondary damage to the brain. Results indicate that (doi: 10.1089/neu.2010.1739) This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Introduction
Traumatic brain injury is a major cause of death and disability worldwide (Langlois et al.,
2006; Maas et al., 2008) . TBI occurs when an external mechanical force or pressure force (as in the case of blast injury) traumatically injures the brain. The primary injury is characterized by acute biochemical and cellular changes that contribute to continuing neuronal damage and lead to permanent or temporary impairment of physical, cognitive, emotional, and behavioral functions. The biochemical and cellular changes in neurons and glia after TBI are complex and dynamic. The pathophysiology typically begins with mechanical trauma to the brain (the primary injury), followed rapidly by increased vascular permeability, altered ionic balance, oxidative stress, excitotoxic damage, inflammation, and mitochondrial dysfunction leading to further cell death and injury (the secondary injury) ( pathological changes in the brain tissue due to changes in the diffusion characteristics of the intra-and extra-cellular water compartments, including restricted diffusion and water exchange across permeable boundaries (Gass et al., 2002) . Change in the FA is indicative of the structural integrity of the tissue. More specifically, the FA change is due to the disproportional change in the diffusion along the neuronal axons (axial diffusivity, λ a ) and the diffusion perpendicular to the axons (radial diffusivity, λ r ). Axial diffusivity is believed to be sensitive to axonal integrity and radial diffusivity reflects myelin integrity (Song et al., 2002 (Song et al., , 2003 . Previous TBI studies on In contrast to the structural information offered by DTI regarding brain integrity after However, understanding the microstructural and neurochemical changes at very early stages 
Materials and Methods

CCI TBI Model
Adult male Sprague-Dawley rats (n=8, 250-350 grams) were subjected to left parietal controlled cortical impact injury (Robertson et al., 2006) . TBI was performed using the controlled cortical impact device (Pittsburgh Precision Instruments, Pittsburgh, PA) as previously described (Dixon et al., 1991) . Briefly, after being initially anesthetized with 4% isoflurane, the rat was maintained at 2% isoflurane, and the left parietal bone was exposed via a midline incision after positioning it in a stereotactic frame. A high-speed dental drill (Henry 
Data Processing
Maps of MD and FA were generated offline, using FDT (FMRIB's Diffusion Toolbox, Oxford, UK). Regions of interest (ROIs) were drawn manually on three contiguous slices using ImageJ v1.38x (Wayne Rasband, NIH, Bethesda, MD). Regional measures of MD, FA, λ a (axial diffusivity, λ a = λ 1 ) and λ r (radial diffusivity, λ r = (λ 2 +λ 3 )/2) values were obtained from the corpus callosum (CC) and both the ipsilateral and contralateral side of the injury from the hippocampus (hip_ips, hip_con), thalamus (tha_ips, tha_con), cortex (cor_ips, cor_con), the olfactory (of_ips, of_con), fimbria of the hippocampus (fi_ips, fi_con) as illustrated in Figure 1 .
1 H MRS data was fitted using the LC-Model package (Provencher, 2001) , and only metabolites with standard deviations (SD) % ≤ 20 were included for further analysis.
Comparisons of the DTI and MRS parameters were performed for each region of the two hemispheres (uninjured and injured) and at each time point using one way repeated analysis of This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
variance (ANOVA) followed by paired t-tests adjusted for multiple comparisons using Bonferroni correction. Statistical significance was defined as P < 0.05.
Results
DTI and 1 H MRS at 2 hours after injury
The T 2 -weighted MR images demonstrated distinct, but heterogeneous lesion at the location of the injury in the left cortical region of the brain at 2 hours following CCI ( This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
hippocampus showed little alterations in the DTI parameters at 2 hours following injury. Brain regions contralateral to the injury also experienced significant changes in DTI parameters including a significant increase in FA in the thalamus (p=0.029), marginal decrease in λ a in the olfactory region (p=0.055), and significant decrease in λ r in the hippocampus (p=0.04).
Coronal anatomic images along with the spectroscopic voxel locations in the pericontusional and contralateral region along with the corresponding spectra from an animal are shown in Figure 3 . The in vivo 1 H spectra demonstrate excellent spectral resolution and sensitivity both at the pericontusional zone and the contralateral sides. At 2 hours after injury, the metabolites in the pericontusional zone, including Glu/tCr (p = 0.0006), PCh+GPC/tCr (p = 0.03), Ins/tCr (p=0.04), NAA/tCr (p=0.0002), and Tau/tCr (0.009) were significantly reduced compared to the baseline while Gln/tCr was marginally increased (p = 0.07; Fig. 4 ). Contralateral zone also exhibited several biochemical changes after TBI but the changes were milder compared to the pericontusional region (Fig. 5 ). There was a significant reduction in NAA/tCr (a 6.1 % reduction in contralateral zone vs. a 29.4 % reduction in the pericontusional zone).
DTI and 1 H MRS at 4 hours after injury
At 4 hours after injury, the DTI parameters near the pericontusional cortical region maintained the same levels as at 2 hours after TBI (Fig. 2) . While a marginal recovery of MD (p = 0.054) and λ r (p = 0.07) was seen in the ipsilateral hippocampus in comparison to the 2 hour time point, overall these parameters were still reduced compared to the baseline. A further increase in the FA (p =0.04) and a reduction in λ r (p = 0.02) was observed in the ipsilateral thalamus compared to the baseline. Axial diffusivity, λ a which was decreased at 2 hour point normalized to baseline levels in the olfactory region. The DTI parameters for corpus callosum hours following injury compared to the baseline (Fig. 4) . In addition, a significant reduction of GABA/tCr (p = 0.02) was observed by this time compared to the baseline (Fig. 4) . The Gln/tCr ratio exhibited more variability compared to the levels observed at 2 hours (Fig. 4) . Despite these few changes compared to baseline, no significant changes were noted in the ratios of GABA/tCr, (2003) observed a decrease of up to 31% for both Ins and Tau during the first 24 hours that eventually rose above the baseline by about 31% and 44% respectively by seven days following CCI.
Although the early decreases in Ins and Tau were not explained, the authors interpreted the late increase in Ins to be due to increased glial content/glial proliferation. Overall the changes in these metabolites most likely reflect the local tissue osmolality at the very early stages following TBI.
The considerably dynamic decrease in the NAA/tCr during the first 4 hours after TBI in this study agrees with the observations from other groups using similar approaches (Schuhmann et al., 2003) . We found that the most severe drop of NAA occurred at 2-4 hours after the injury in the pericontusional zone. In addition, a much smaller but statistically significant decrease of This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
acetyl-aspartyl-glutamate by N-acetylated-α-linked-amino dipeptidase, along with glutamate (Baslow, 2003) . Therefore, the synthesis and catabolism of NAA is related to mitochondrial integrity. Our previous mitochondrial respiration study (Robertson et to be performed in order to understand the subtle changes that may be responsible for the ischemic conditions far from the injury as evidenced from increased lactate from the hippocampus and the thalamic region.
In the current study, the 1 H MRS data was normalized to the resonance intensity of tCr, as this is present relatively equally in all brain cells and tends to be stable (Arnold and Matthews This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
evaluation followed by sub-acute stage evaluation using these techniques may provide insights into the progression of the pathophysiology from the injury that may provide insights into the optimum time window for treatment and also provide the much needed predictive value in determining outcomes. Given that the combined use of MRS and DTI is sensitive in detecting damage in areas that conventional MRI techniques deem to be normal, they may be very helpful in the early evaluation of patients whose CT and conventional MRI are occult when the clinical status of the patient dictates otherwise. Of particular note is that the DTI and MRS data can complement each other as they assess different aspects of brain parenchyma and appear to be more sensitive compared to the conventional MR imaging techniques used to assess trauma and therefore can be very helpful in the assessment of novel therapeutic strategies (Tollard et al.,
2009; Signoretti et al., 2008).
Conclusion
This study for the first time demonstrates that the combination of information from 1 H MRS and DTI can detect changes in metabolic and microsctructural changes in vivo using as early as two hours following CCI in rat brain. The microstructural and neurochemical changes were observed within 2 hours following injury in the cortex, hippocampus and the thalamus. In addition, changes in the microstructural environment and neurochemistry extended beyond the site of the injury to the contralateral hippocampus and the thalamus. The tendency towards normalization of tissue changes as indicated by DTI and no further metabolic changes at 4 hours as determined by MRS indicates the existence of a temporal window of about 2-3 hours for planning interventions that might limit secondary damage to the brain. 
